This study investigates the thermal maturity structure of the accretionary wedge along with the thermal history of sediments during wedge formation using a numerical simulation. The thermal maturity, which is described in terms of vitrinite reflectance, is determined using the temperature and duration of exposure based on the particle trajectories within the accretionary wedge. This study revealed the variability in the thermal maturity even though sediments are observed to originate at an identical initial depth and thermal conditions. We propose two endmember pathways of sediment movement in the accretionary wedge during wedge growth: a shallow, low thermal maturity pathway and a deep, high thermal maturity pathway. These shallow path sediments, which move into the shallow portion of the wedge during wedge growth through accretion, rarely experience high temperatures; therefore, their thermal maturity is low. However, the sediments subducted in the deep portion of the wedge experience high temperatures and obtain high thermal maturity as a function of the deep high thermal maturity pathway. Simultaneously, a geological deformation event, such as faulting, defines the steps of thermal maturity. The small step of thermal maturity is formed by the frontal thrusting and can be preserved as a function of the shallow low thermal maturity pathway. However, the step is overprinted and is observed to disappear through the deep high thermal maturity pathway. The large step of thermal maturity is formed by long-term displacement along an out-of-sequence thrust (OOST) in the deep portion of the wedge.
Introduction
Previous studies have depicted that the relative duration of peak heating within any accretionary wedge, especially during specific stages of deformation, can be ascertained by determining whether any discordance exists between megascopic structural geometries and paleothermal gradients. Thermal history (e.g., peak heating and its duration) is recorded in an organic material in the form of thermal maturity. The observations of these recorded thermal maturities and geological structures (e.g., intrusion and fault) have promoted a better understanding about the formation of the geological structures and the associated igneous activity (Underwood et al. 1992) as well as about the duration of thrusting (e.g., Sakaguchi 1996; Yamamoto et al. 2017) . In order to represent these observations, various conceptual models have been proposed to interpret the relation between the recorded thermal maturities and geological structures (e.g., Underwood et al. 1993) . The temporal development of thermal maturity and their relationships to the associated structures in accretionary wedges have been investigated to date (Barr and Dahlen 1989; Barr et al. 1991; Beyssac et al. 2007; Chen et al. 2017) .
The difficulty that is encountered while defining the temporal development of thermal maturity and the associated structures originates from the fact that thermal maturity represents an integration of the exposed temperature and its duration during structural deformation. The thermal maturity recorded in vitrinite reflectance or in the Raman spectrum of carbonaceous materials (e.g., Beyssac et al. 2007; Jehlička et al. 2003; Sakaguchi 1996; Sweeney and Burnham 1990; Yamamoto et al. 2017) , which are most frequently used as preservation indices of thermal history, is the integration of the entire history of the material (c.a., temperature and exposed time). Therefore, these indices can reveal the thermal history either as a function of the heating temperature or as a function of the duration. Thus, the unique trajectory of the sediments cannot be inferred by only using the observed thermal maturity indices because of the tradeoff between the exposed temperature and its duration.
In this study, the trajectory of the sediments and their thermal histories during wedge formation were examined using a numerical simulation. Previous studies have investigated the trajectory of particles in the wedges (e.g., Willett et al. 1993; Beaumont et al. 1999; Konstantinovskaia and Malavieille 2005; Stockmal et al. 2007; Mulugeta and Koyi 1992; Naylor and Sinclair 2007; Wenk and Huhn 2013) . Herein, we obtained the trajectory of the particles using the distinct element method (DEM) (Cundall and Strack 1979) . The temperature in the accretionary wedge was also calculated in order to evaluate the relation between the trajectory of the sediments and the thermal maturity. This approach can provide a spatiotemporal framework of the deformation and thermal maturity within the accretionary wedge. The results are going to be used to compare to natural systems to understand the thermal evolution across a wedge. Additionally, the established framework will promote understanding of the relation between thermal history as the thermal maturity and the associated structures in natural accretionary wedges.
Methods/Experimental
Overview of the simulation The structure and thermal maturity are modeled by combining the numerical simulation that reproduces the geological and thermal structures in the accretionary wedge. The DEM geodynamic simulation can reproduce the evolution of the geological structure of the accretionary wedge. The thermal structure, on the other hand, was reconstructed using the observed thermal condition in the natural accretionary wedge. The particle tracks that are observed during the simulation of DEM imitate the tracks of the sediments in the accretionary wedge, and the simulated DEM particles that are traveling within the wedge detect the temperatures that are derived from the thermal structure. The thermal history of each particle can, therefore, be obtained. The vitrinite reflectance was used to represent the index of the thermal maturity that originated from the integration of the temperature and its duration.
Reconstruction of the accretionary wedge using the DEM method
We employed the DEM geodynamic modeling method to reconstruct the geological structure of the accretionary wedge. Several studies have reconstructed accretionary wedges using the DEM method (e.g., Morgan 2015; Burbidge and Braun 2002; Naylor and Sinclair 2007; Wenk and Huhn 2013; Yamada et al. 2006; Yamada et al. 2014; Miyakawa et al. 2016) . The modeling process in this study follows the method given by Miyakawa et al. (2010) in which an accretionary wedge containing an out-of-sequence thrust (OOST) was reconstructed by increasing the basal friction in the model. OOSTs represent large displacements in the wedge, and several geological surveys found remarkable gaps in thermal maturity across OOSTs (e.g., Yamamoto et al. 2017) . Consequently, it is expected that the numerical simulation will show remarkable variations in the thermal maturity structure across the OOST.
We used the model to reproduce the evolution of the accretionary wedge based on both the input of the sediments to the trench and the deforming sediments that are the basis of the body of the accretionary wedge. The initial condition of the model represents the coherent sediments on the oceanic plate (Fig. 1) . The thickness of the sediments is set to 1000 m. We employed two sets of particle parameters while performing a simulation of DEM (Table 1) . The upper part of the sediment comprised strong particles (particle A) that represent sediments, whereas the lower part comprised a thin layer (100 m) of weak particles (particle B) that represent a weak layer of the décollement. The radii of the particles are diverse: 12-30 m for particle A and 6-10 m for particle B. We did not consider interparticle bonding in our simulation. By setting weak particles, we reproduced the décollement zone, which has a thickness of several particles. Rigid walls confine the model boundaries, and the friction between the side walls and the particles is the same as the interparticle friction in particle A. A moving wall compresses the sediments to duplicate the accretion process. The displacement rate was observed to be small enough to approximate the deformation as quasi-static and was, therefore, set to be 0.009 m during each calculation cycle. The over a period of calculation cycle is explained in the next section. A basal slit (60 m in height; observe Fig. 1 ) was used to generate a detachment horizon within the thin bottom décollement layer.
In this study, the OOST within an accretionary wedge was formed by increasing the basal strength of the model (Miyakawa et al. 2010) . The increase in the basal strength was intended to simulate the varying pore pressure distribution (Bangs et al. 2004 ) and/or material properties (Hyndman and Wang 1993) , which control the strength of the décollement. The pore pressure distribution and material properties were affected by the alterations in various parameters such as the temperature, overburden thickness, porosity, and development of faults and fractures that act as fluid conduits. It is difficult to consider these parameters directly while performing the DEM simulation. Therefore, we increased the basal strength of the particles in the thin bottom layer. We gradually increased the interparticle friction of the particles in the thin bottom layer from left to right. The rate of increase was a function of the amount of shortening (see Miyakawa et al. 2010 for details) . The function maintained a constant distance between the trench position and the strength increase zone. The functional increase in the strength of the particles models the loss of pore pressure and the hardening of the material along the décollement as a function of the evolution of the accretionary wedge. The simulation was performed using the two-dimensional particle flow code (PFC2D) software (ITASCA Corp., Minneapolis, USA).
Timescale conversion from the DEM model to the thermal model
The definition of the timescale is critical to bridge the gap between the deformation rate during the simulation of DEM and the heating rate that was obtained from the thermal structure. The calculation cost of the DEM method was observed to be so high that we were not able to calculate the deformation during the simulation of DEM over the natural geological timescale (i.e., thousands or millions of years). The timescale used for the DEM simulation, therefore, was set to satisfy the quasi-static deformation conditions to imitate the long-term geological deformation. Consequently, the timescale of the calculation step during the DEM simulation cannot be directly converted to the timescale of the thermal model. To solve this problem, we introduced a normalized timescale based on the displacement of the moving wall, which controls the deformation rate.
The shortening rate that was observed in the natural subduction zone and the shortening rate in this model were set to be equal in the normalized timescale by the displacement of the moving wall. The wedge deformations in the natural geological structures and the numerical simulation were derived from the shortening of the plate subduction zone and the moving wall, respectively. The shortening rate in the plate subduction zone was 4 cm/ year in the Nankai Trough, southwest Japan (Seno et al. 1993) , whereas the shortening rate of the moving wall was 0.9 cm/step in our simulation timestep. Therefore, to calibrate the shortening rate in this model with that observed in nature, the timescale should be maintained to be 0.225 years/step. Hereafter, the heating duration in the DEM model is maintained to be 0.225 years/step. This normalized timescale reconciles the deformation rate during the simulation of DEM and the heating duration from the thermal model by imitating the deformation rate and heating duration that are observed in nature. The upper layer (100-1000 m) comprises particle A, whereas the bottom layer (0-100 m) comprises particle B. The left side wall pushes the particles to the right side at a small rate of displacement (0.009 m for each calculation time step). The moving wall has a slit (0-60 m) to produce a detachment (décollement) within the bottom layer. The shear drag factor of particle B increases from the left-hand side to the right-hand side in response to the displacement of the moving wall (modified after Miyakawa et al. 2010) 
Thermal model
The thermal structure was reconstructed with reference to the thermal condition of the natural accretionary wedge. The heat-flow data that was collected along the individual marine transects depict that the geothermal gradients considerably decrease in magnitude as a function of the arcward distance of the subduction front and that a thermal structure developed because of the combined effects of the cooling of the slab as it subducted and the thickening of the depth of the deformed sediments in the overlying accretionary wedge (Underwood et al. 1993 ). For example, Harris et al. (2013) noted that the thermal gradient at the location of the incoming sediments was 70-90°C/km and that the thermal gradient at the wedge edge was 40-50°C/km in the Kumano area of the Nankai Trough, southwest Japan. In this study, therefore, a high thermal gradient was set at the location of the incoming sediments, whereas a low thermal gradient was set at the wedge. The trench denotes the boundary between the incoming sediments and the wedge. The position of the trench, however, changes each time a new frontal thrust forms; therefore, the thermal gradient may not follow the trend very carefully. Therefore, we functionalized the position of the trench by interpolating the tip of the frontal thrust because the position of the trench intermittently migrates rightward (i.e., seaward), which results in the formation of new frontal thrusts (Miyakawa et al. 2010 ). The thermal gradient at the location of the incoming sediments was 90°C/km to the right side (i.e., seaward) of the trench. The thermal gradient at the wedge was 50°C/km to the left side (i.e., landward) of the final wedge after performing 22,500 m of shortening (Additional file 1: Table S1 ). The thermal gradient between the incoming sediments and the wedge was interpolated linearly connecting two end-member gradients (Fig. 2 , Additional file 1: Figure S2 ). The temperature of each particle was calculated according to its buried depth from the surface and thermal gradient at that point. We calculated and updated the temperature of the particles after every 10,000 timesteps (i.e., 2250 years). The particles were preheated to the initial temperatures that were recorded at the locations of the incoming sediments for 1,650,000 timesteps (i.e., 371,250 years) to duplicate the heating process that occurred after sedimentation and to prevent rapid spikes in the temperature of the numerical simulation.
The thermal maturity of each particle was given as the vitrinite reflectance that was reproducing profiles observed in natural accretionary wedges. Sweeney and Burnham (1990) constructed a kinetic model by employing a series of first-order kinetics that describes parallel chemical reactions, which are associated with the progress of vitrinite thermal maturation (Easy%R o ). Suzuki et al. (1993) proposed an improved kinetic model based on single activation energy, which is more suitable to perform numerical treatment (SIM-PLE-R o ). In their model, the vitrinite reflectance, R o , is expressed as a function of the fraction of the reacted material, Fc, as follows:
where Ro 0 is the initial reflectance of vitrinite. Fc can be written as follows:
where A is a frequency factor (1.0 × 1013/s), R is a gas constant, Δt is duration of calculation interval, and E is the activation energy that can be represented as:
Results
Formation of an accretionary wedge and fault activity
The formation process of an accretionary wedge, including a fault, was reconstructed through numerical simulation using the DEM (Fig. 3 and Additional file 2: Movie S1). The incoming sediments were offscraped by the moving wall and were deformed, thus forming reverse faults. The thickness of the wedge increased in parallel with the increased shortening. The activity of the fault varied throughout the simulation. The active faults were distinguished by the discontinuity between the displacements of the particles while performing 90 m of shortening (Fig. 3) . The most active fault was the frontal thrust, which partitioned the incoming sediment and the accretionary wedge at the trench. The activity of the frontal thrust reduced when a new frontal thrust was formed further toward the sea (i.e., the right side). The faults in the accretionary wedge were reactivated at times during the shortening process although the displacement was smaller than that observed for the active frontal thrust. The most remarkable reactivated fault was the OOST. The motion along the OOST continued for a long period of time, and, consequently, the amount of displacement along the OOST was observed to be large.
Particle tracks and their depth and thermal history
The trajectories of particles are observed to vary as a function of their burial depth and the position relative to active thrust fault (e.g., Konstantinovskaia and Malavieille 2005 . Consequently, the thermal history of each particle is observed to be different. The trajectories of particles can be traced by tracking the position of the target particles at every step. We set four tracking particles in the model (Fig. 3) . The initial depths of these tracking particles in the incoming sediment were observed to be approximately the same (about 500 m). Therefore, every trajectory overlapped until the sediment was accreted by the formation of the frontal thrust in the vicinity of the target particles. Once they were accreted into the wedge, the trajectories of the tracking particles diverged into different pathways. The difference between the pathways is reflected in the difference between the final burial depths of the tracking particles (Fig. 4) . Consequently, the temperature of the particles and the R o % values reflect the variability in the thermal history of the particles despite originating from an identical initial temperature condition.
The temperature and the R o % of every particle were calculated according to the trajectory of each particle in the manner shown above. Finally, we obtained the temperature and vitrinite reflectance structures in the wedge (Fig. 5 and Additional file 3: Movie S2). The structure of the thermal maturity as elucidated by vitrinite reflectance (R o %) was spatiotemporally discontinuous despite the continuous thermal structure (Fig. 5) . The discontinuity of the thermal maturity, as observed using the vitrinite reflectance, was considerably evident along the frontal fault and the OOST. The step observed during the thermal maturity along the frontal thrust, especially at a particular depth, disappeared with the growth of the wedge. The most remarkable step was observed along the OOST.
The impacts of the order of the normalized timescale and the variation in the thermal gradient model are examined in Additional file 1: Figures S1, S2, and S3. The qualitative thermal structure and the thermal maturity structures are independent of the difference between the normalized timescale and the thermal gradient model, though the absolute values of temperature and thermal maturity have been changed.
Profiles of the thermal maturity
The spatial variation of the steps in thermal maturity is observed along both the horizontal and vertical profiles ( Fig. 6) . Generally, thermal maturity increases landward with increasing depth. This trend originated from the high temperature that was experienced and the resultant thickening of the wedge. The large steps in thermal maturity are concurrent with the fault development in both the horizontal and vertical profiles. 
Discussion
Comparison between the conceptual model and the natural accretionary wedge
The relation between the recorded thermal maturities and the geological structures during the numerical simulation reproduces the conceptual model that is depicted in Underwood et al. (1993) . Thermal maturity inversion, which is observed as a step in thermal maturity in our simulation, occurs in an accretionary wedge when the hanging wall strata are uplifted and thrusted over the less mature strata of a foot wall (Fig. 6B in Underwood et al. 1993 ). This type of thermal maturity inversion is observed in our numerical simulation, particularly across the frontal thrust and OOST (Fig. 6) . We compared the results of the numerical simulation and the natural accretionary wedge observations, which denote young and unmetamorphosed complexes in the Miura and Boso peninsulas of central Japan (Yamamoto 2006; Yamamoto et al. 2017) . The Early Miocene and Late Miocene to Pliocene accretionary complexes that were exposed in this area are still observed to contain 30-50% of their initial porosity and low P-wave velocity structures (Yamamoto 2006) . The observed maximum paleotemperatures of the Miura-Boso accretionary wedge ranges from 0 to 150°C ). Higher maximum paleotemperatures are restricted to the western (c.a., landward) part of the Early Miocene Hota accretionary complex, which indicates a spatial difference in the slip upon OOST . The range of the maximum paleotemperatures that were observed in the Miura-Boso accretionary wedge was consistent with that obtained from the numerical simulation (Fig. 5) . Specific variations in the maximum paleotemperature, which cause an increase in the maximum paleotemperature toward the land, and the large steps across large OOSTs are also consistent with that observed during the numerical simulations. These results and observations lead to the conclusion that the thermal maturity in the numerical simulation is highly representative of the thermal maturity that occurs in the natural accretionary wedge. Our results also show that the existence and absence of steps in the thermal maturity observed in the natural accretionary wedge should be considered while examining the higher temperature overprints and the reactivation of the fault.
Thermal history of the sediments and the spatiotemporal evolution of the thermal maturity
The simulation results described the thermal history of the sediments and the spatiotemporal evolution of the thermal maturity structures that were associated with the wedge growth. The thermal history is controlled by the two components of subducting and faulting. The subducting and faulting associated with the wedge growth cause the overall maturity of the vitrinite, the formation of steps during thermal maturity, the banishment of the step, and the reformation of the step. Hence, this thermal maturity and its spatiotemporal evolution are associated with the stage of wedge growth.
Incoming sediment
The incoming sediments, which are pre-subducting sediments, are heated in a high thermal gradient on the oceanic plate. The deeper sediments depicted higher vitrinite reflectance (R o %) than that observed in the shallower sediments due to the high thermal gradient that was observed in this stage. Hence, vitrinite reflectance is identical across sediments at similar depth. The maximum vitrinite reflectance that was encountered in the input sediments at depth was, however, lower than that observed in the deeper part of the inner wedge because the thicknesses of the input sediments were thinner (~1 km) than that of the wedge (~4 km). Fig. 4 The depth (a), temperature (b), and vitrinite reflectance (c) vs. the time of the target particles. The colors of the lines correspond to the colors of the particle in Fig. 3 Miyakawa
Frontal thrust region
The step in thermal maturity was formed in the frontal thrust region, where the incoming sediment was scraped off by the frontal thrust formation. The displacement along the frontal thrust shifted the horizontally layered thermal maturity structure. The thickness at the toe of the wedge was, however, still thinner than the thickness at the landward inner wedge. Hence, the vitrinite reflectance value and its step function along the frontal thrust were still small.
Shallow part of the accretionary wedge
The shallow portion of the accreted sediments did not subduct and remained at a shallow depth. These shallow sediments rarely experience high temperatures, and the vitrinite reflectance is rarely overprinted by the higher temperature. The shallow sediments, therefore, maintain the vitrinite reflectance of the incoming sediments and the step of the thermal maturity that was obtained by frontal thrusting. This preservation enables us to observe the low vitrinite reflectance value and the small steps during thermal maturity in the shallow part of the wedge. Recent ocean drilling activities revealed low-grade metamorphism and vitrinite reflectance along with small steps of thermal maturity at the shallow portion of the wedge in the Nankai Trough in the southwest part of Japan (Fukuchi et al. 2017 ).
Deep part of the accretionary wedge
The deep portion of the accreted sediments subduct and get deeper with the growth of the wedge. The sediments experience higher temperatures than those experienced by the incoming sediments and by the toe of the wedge. Consequently, the deep sediments depict high vitrinite reflectance values. While the present frontal thrust at the toe is active, the important point is that the paleofrontal thrust was already inactive at this stage. Therefore, the higher vitrinite reflectance overprints the existing thermal maturity structure, and the steps of thermal maturity disappear gradually, though thrust faults have steps (e.g., lower shaded zone in Fig. 6d ). This absence of steps in the vitrinite reflectance along the faults is assumed to be caused by the overprint of the higher vitrinite reflectance that is associated with the subduction. In fact, faults without any steps in the vitrinite reflectance were observed in the natural wedge (e.g., Kitamura et al. 2005) .
Reactivation of the fault and OOST
The steps in thermal maturity are recreated by the reactivation of the landward and inner wedge. The reactivation of the faults in the landward and inner wedge was clearly observed as a gap in displacement (black arrows in Fig. 3 ). This gap of displacement along the fault rebuilds the steps of the vitrinite reflectance profile (Fig. 6 ). The most remarkable reactivated fault in the inner wedge is the OOST. The large displacement along the OOST formed the large steps of the vitrinite reflectance. Similar large steps, across the OOST, have also been reported in natural accretionary wedges (e.g., Yamamoto et al. 2017) (Fig. 7) .
Summary of the spatiotemporal evolution of the thermal maturity
Two end-members of paths of thermal maturity were revealed with the simulation: the deep and high thermal maturity pathway and the shallow and low thermal maturity pathway (Fig. 8) . The thickness of the wedge increased with wedge growth, and the sediments that were subducting into the deeper part of the wedge experienced increasingly high temperatures and obtained high thermal maturity. However, the sediments in the shallow part of the wedge maintained low temperatures, and therefore, the thermal maturity also remained low. The steps in thermal maturity are assumed to be caused due to the fault displacement (Fig. 8) . The initial step of thermal maturity was formed because of the displacement of the frontal thrust. The step, however, disappears due to the overprinting of the high-grade vitrinite reflectance in the deep pathway even though the step is preserved in the shallow path. The steps in the high-level thermal maturity were formed during fault reactivation or the formation of OOST in the inner wedge.
The disappearance of the step and the overprinting of the high vitrinite reflectance are important features that may occur in a natural accretionary wedge (Fig. 8) . A large fault which lacks a thermal maturity step has been reported although the large fault is assumed to be a seismogenic fault indicated by the presence of pseudotachylyte (Kitamura et al. 2005) . One proposed interpretation is that the large fault was parallel to the isotherms. In subduction zones, the plate boundary décollement gently dips almost parallel to the isotherms (Underwood et al. 1989) , which indicates that the displacement along the décollement does not cause a thermal contrast between the hanging wall and the foot wall sides. The lack of a thermal step across the Minami-Awa fault in southwest Japan was consistent with the expected thermal structure of the plate boundary décollement (Kitamura et al. 2005) . However, our results suggest another explanation for the absence of steps of thermal maturity across the fault. Though a step in thermal maturity may have formed during the large fault displacement, which may have produced pseudotachylyte during its slip, the strata were subducted after the fault became inactive after which it experienced higher temperatures. At that time, both the hanging and foot wall strata obtained high-grade vitrinite reflectance, and the step of vitrinite reflectance disappeared. The high-grade vitrinite reflectance overprint may be caused not only due to subduction but also due to some other external factors such as an igneous activity (Sakaguchi 1996; Underwood et al. 1992 ).
Limitations of assumptions and model simplifications
The simplified assumptions in the model should be more realistic in future work. Our model does not take heat conduction into account, although we assume a constant thermal gradient at a given depth and a steady-state distribution in temperature. Therefore, our model will not be consistent with convective heat transport linked to faulting and fluid flow within the wedge. Consequently, steps in temperature across faults and heterogeneous variations in thermal gradients in the real system would not be reproduced in our model. The boundary condition of our model should also be improved to reproduce the complex natural conditions of accretionary wedges. For example, other studies suggest that an output of material (subducting sediments) through a type of "subduction channel" is responsible for major OOST faults in a wedge (e.g., Kukowski et al. 1994 and Gutscher et al. 1998) . Several boundary conditions should be tested in future work, as our model is just one example of the formation of the OOST.
The deformational and thermal events were concurrent and affected each other in the natural environment. With syn-metamorphic faulting, the foot wall will be subjected to the effects of conductive heat transfer across the fault surface, and the thermal maturity indicators will be reset (Underwood et al. 1993) . Therefore, thermomechanical simulation techniques (e.g., Gerya and Stöckhert 2006) may enable a considerably more detailed examination. The effect of thermal fluid flow or a local geological event, such as the encroachment of magmatic intrusions, which were not taken into account in our model, may also be important explanatory variables of the local thermal history.
Conclusions
We modeled a simple geological and thermal maturity structure by coupling a wedge deformation model and a thermal structure model. The results of the numerical simulation were observed to agree with the natural accretionary wedge observations. The simulation results described the thermal history of the sediments and the spatiotemporal evolution of the thermal maturity structures that were associated with the wedge Fig. 8 Schematic of an accretionary wedge with two main sediment flow pathways: a a shallow and low thermal maturity pathway and a deep high thermal maturity path and b vertical profiles of vitrinite reflectance in an accretionary wedge. The steps in vitrinite reflectance across the fault are associated with fault formation and reactivation, as depicted with arrows in II and V. The step in vitrinite reflectance across the fault is preserved in the shallow part of the wedge, as depicted by an arrow in III. The disappearance of the step with high temperatures and the overprint that depicts higher vitrinite maturity than that obtained in previous stages are illustrated using an arrow in IV growth. Two paths of thermal maturity are depicted: one is the deep and high thermal maturity pathway and the other is the shallow and low thermal maturity pathway. The subducting and faulting associated with the wedge growth control the overall maturity of the vitrinite, and the formation of steps, the decay of the step, and the reformation of the step. Our results depict that the existence and absence of steps of thermal maturity should be considered while examining the higher temperature overprint and the reactivation of the fault. The simplified assumptions in the model should be more realistic in future work.
